Pleuroncodes monodon is a conspicuous component of the Humboldt Current ecosystem. Benthic adults south of 228S are associated with low temperature (T) 118C and low dissolved oxygen (DO) (,0.5 mL L
zoea II. Mortality of larvae reared at 118C was 40% higher than that at 15 and 208C. Functions for development time and growth negative/positive dependence on temperature were also fitted. Pleuroncodes monodon zoea I are highly tolerant of low oxygen when compared with other crustacean. Nevertheless, DO and T conditions during hatching season are suboptimal for development. Early larval survival as an ultimate cause of reproductive/environmental coupling in this case should be critically revised.
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I N T RO D U C T I O N
The larval meroplanktonic phase of marine invertebrates is considered the most vulnerable part in their complex life cycle. Developmental times, growth rates and physiological conditions affect the expected larval survival while they are influenced by the bio-physical environment where larvae develop (Hinckley et al., 1996) . Longer development times, low growth rates, or poor physiological conditions increase vulnerability to predation (Frank and Leggett, 1982) , advective loss and reduce post-settlement survival and growth (Pechenik et al., 2002; Shima and Findlay, 2002; Giménez, 2004; Pechenik, 2006; Hamilton et al., 2008) . Therefore, one long standing functional hypothesis proposed to explain seasonal reproduction states that mechanisms such as the seasonal coupling of reproductive and environmental cycles may confer a selective advantage by favoring larval or juvenile survival and growth (Olive, 1992) , within the restrictions imposed by adult habitat type and phylogenetic eco-physiological constraints (from now on referred to as the reproductive/environmental coupling hypothesis).
Environmental factors most commonly evaluated (individually or combined) to support the reproductive/environmental coupling hypothesis include temperature, salinity, food availability (quantity and quality), advective conditions and predator occurrence (e.g. Roy et al., 1992; Castro et al., 2000) . In this context, oxygendependent larval performance and the relationship (if any) of dissolved oxygen (DO) concentration seasonal variability and reproductive seasonal cycles of populations inhabiting oxygen minimum zones (OMZs) has been hardly evaluated. Studies on larval eco-physiology and behavior at different levels of hypoxia have been conducted mainly for species with a recent history of exposure to anthropogenic induced hypoxia, especially after the relatively recent awareness of the significant expansion of low oxygen concentrations in marine coastal areas (Díaz and Rosenberg, 2008) . Although mechanisms that allow aerobic macrobenthic species to inhabit natural hypoxic areas as adults are well studied (Quentin and Childress, 1976; Childress and Seibel, 1998) , their ontogeny and therefore environmental oxygen effects on OMZ species larval survival, development and growth remain for the most part, unknown (Spicer and El-Gammal, 1999; Terwilliger and Dumler, 2001; Spicer and Strömberg, 2003) . In crustaceans in general the capacity to withstand hypoxia improves through ontogeny. In benthic Munida quadripsina, for example, oxyregulatory capacity and gill surface area are correlated with size, so small individuals are excluded from severely hypoxic waters (Burd, 1985 (Burd, , 1988 Burd and Brinkhurst, 1984) . In this study, we evaluate the ecophysiological response of the early stages of an abundant OMZ species to varying oxygen concentrations, feeding conditions and temperature. If reproductive/environmental cycles are tuned to favor larval success, and larval release periods and those of intense hypoxia overlap in time, then larval performance (survival, growth and development) is not expected to be significantly affected by low oxygen levels. The squat lobster Pleuroncodes monodon (Crustacea: Galatheidae) reaches adulthood after several months of planktotrophic larval development. It is distributed along the Chilean and Peruvian margins, between 378S and an unclear northern limit ( 68S in Perú, Haig, 1955; 128N, Bianchi, 1991) . South of 228S, P. monodon adults inhabit benthic habitats (exclusively) at depths between 50 and 350 m (Retamal, 1981) . North of 218S and along Peruvian margins, P. monodon remains pelagic throughout its life cycle (Gutiérrez et al., 2008) . Although adults on the Chilean margin are associated with the low oxygen (,0.1 -0.05 mL L
21
), low temperature (10-118C) equatorial subsurface waters (ESSW) (Roa et al., 1997) , northern pelagic populations are associated with warmer and well-oxygenated surface waters (Gutiérrez et al., 2008 (Gutiérrez et al., , 2011 always above the oxycline (Bertrand et al., 2010) . On the Chilean margin, benthic P. monodon populations have sustained fisheries activities for at least 30 years despite periods of fishery closure and high inter-annual landing variability (from hundreds to 30 thousand tons per year). Overfishing and recruitment failure/success account for strong interannual population biomass and spatial distribution variability (Canales et al., 2002; Acuña et al., 2005) . Benthic P. monodon populations ( 368S, 308S) have a seasonal reproductive cycle (Fig. 1a) : P. monodon egg-carrying females occur in higher proportions between May and October (late autumn -spring) (Palma and Arana, 1997) , and larvae are released from late winter to early summer (Palma, 1984; Yannicelli et al., 2012) from multiple broods (Thiel et al., 2012) . The period of pelagic larval development largely overlaps the most frequent and intense upwelling season (Palma, 1994; Yannicelli et al., 2012) . Larvae are distributed in a wide depth range and large concentrations are found above and below the shallow oxycline that develops during spring -summer in central Chile when ESSW shoals over the continental shelf (Yannicelli et al., 2006a (Yannicelli et al., , 2012 . About 368S, low-oxygen conditions (,0.5 mL L
) over the continental shelf during austral spring -summer contrast with more oxygenated waters ( 3 mL L
) as determined during autumn -winter seasons (Fig. 1b) when the ESSW nucleus retreats offshore from the continental shelf and upper slope (Sobrazo et al., 2007) . Larval release, starts shortly before the influence of ESSW intensifies over the continental shelf, so periods of larval release and ESSW coastal intrusion largely overlap (Fig. 1a-c) .
The pelagic larval development of decapod larvae, involves successive molting cycles, affected by a combination of intrinsic (e.g. endocrine) and extrinsic factors (e.g. temperature, nutrition). The type and strength of extrinsic factors, as well as the timing of occurrence during the molt cycle determine the biological effect (Anger, 2001) . Temperature influences the duration of larval stages, growth rate and the size at the end of larval development but the degree of dependence varies among species (Anger, 1983; Lindley, 1998; Anger et al., 2003) . Boyd and Johnson (Boyd and Johnson, 1963) determined that the length of development in Pleuroncodes planipes increases with decreasing temperatures within the 12-208C range; they also reported that mortality evaluated over the same temperature range increased with temperature, and that the number of molting cycles through larval development was affected by rearing temperature as previously reported for other anomurans. Diet and feeding schedule also affect growth and development (Wehrtmann, 1991; Sulkin et al., 1998; Anger, 2001) . Initial periods of starvation (in several planktotrophic crustacean larvae) might delay molting to the following instar, and even preclude it after a point of no return (PNR: Anger, 2001) indicating the physiological relevance of accessing external food resources soon after (Yannicelli et al., 2012; 2006a; Yannicelli, 2005) . Dissolved oxygen at mid-depth of each zooplankton discrete vertical stratum was used to construct the figure. Accumulated larval abundance occurring below the indicated dissolved oxygen concentration is plotted. Dissolved oxygen concentration corresponding to 50% of total larvae is indicated with an arrow, and it falls ,1 mL L 21 .
hatching. In crustaceans, the PNR does not necessarily coincide with the exhaustion of internal reserves, but with irreversible key tissue damage that will impede molting successfully to the following instars in spite of the fact that food is provided after the PNR . Exposure to low-oxygen concentration results in low growth rates and developmental lengthening in juvenile decapod crustaceans (Seidman and Lawrence, 1986; Rosas et al., 1998; Coiro et al., 2000) and high mortalities during the crustacean larval phase (Miller et al., 2002) . Low rates of development and growth under hypoxia have been related to low-oxygen uptake rates (Tankersley and Wieber, 2000) , substrates used as energy supply (Rosas et al., 1999) and low assimilation efficiencies (Rosas et al., 1998) . The larval development of P. monodon has been studied in the laboratory under ad libitum food conditions, normoxia and temperatures between 15 and 208C (Fagetti and Campodonico, 1971) . However, at latitudes between 28 and 378S, early larval stages are released and occur in hypoxic, low temperature waters ( 0.5 mL L 21 and 118C) ( Fig. 1c ; Yannicelli et al., 2006a Yannicelli et al., , b, 2012 , at depths where food for these planktotrophic larvae could also be scarce (Anabalón et al., 2007) . In the present study, we quantified the influence of DO concentration, temperature and food availability on survival, developmental times and growth rates of P. monodon larvae (mainly zoea I) under laboratory conditions. Our eco-physiological results and previously published field and modeling evidence were considered together in order to evaluate whether they were consistent with the idea that reproductive annual cycles tend to synchronize the timing of larval release with that of the most favorable environmental condition for larval survival.
M E T H O D
Ovigerous females of P. monodon were collected during direct stock-assessment campaigns between 35 and 378S by trawling between depths of 100 -150 m, throughout two consecutive austral spring seasons (2002 -2003) on the South-Central Chilean continental shelf. Females carrying eggs were brought alive to the Marine Biological Station of the University of Concepción in Dichato where experiments were carried out. Since stock assessment campaigns occur during a short period within the year (3 months approximately coinciding with the prevalence of egg carrying females), experiments were carried out in two consecutive years: Year 1 (2002) and Year 2 (2003). During each experimental year, females were placed in large containers ( 120 L) at conditions similar to those experienced in situ: constant salinity (33 + 1) and temperature (118C), and complete darkness. Water was permanently aerated; water and food were changed every 2 days. Females were fed with commercial pellets for salmon alevins. Egg-carrying females brought to the laboratory fed actively on the type of food provided, being able to survive and provide maternal care until brood hatching. When eggs changed color indicating larvae were about to hatch, females were placed in individual containers without food; swimming larvae were picked with pipettes and used for experiments. Unless specifically stated, all experiments were conducted in a controlled temperature room (118C + 18C), salinity (33 + 1), with filtered seawater (1/0.5 mm þ UV filters) under a photoperiod 12:12. Temperature and salinity were chosen because in south-central Chile 50% of zoea I larvae have been found in those conditions (Yannicelli, 2005) . Experimental rearing densities, containers and schedules were based on the results of preliminary trials that showed that: (i) densities between 10 and 22 individuals per container did not affect survival (G test, Sokal and Rohlf, 1995) (see examples in Supplementary material online); (ii) plastic (250 mL) containers and Winkler bottles (125 mL) were both adequate to raise larvae without biasing survival; (iii) daily or every 2 day water exchange in experiments under normoxia neither affect survival nor developmental time.
Overall data analysis approach
We modeled larval survival, developmental time and growth in response to DO concentration, temperature and food. Because we were interested on the shape and parameters of the functional relationships, we used a multi-model comparison statistical approach. For each experiment, we built a set of possible models that could account for observed field variability. Parameter estimation was conducted through maximum likelihood as the criterion for goodness of fit (McCullagh and Nelder, 1999; McCulloch and Searle, 2001; Agresti, 2002) and, the Akaike Information Criteria (AIC) was used to select the best model (Burnham and Anderson, 2002; Johnson and Omland, 2004) . Only a model whose Akaike difference with the other models exceeded 2 was considered as strongly supported by data because it is analogous to a significant difference at the p ¼ 0.05 level (Sakamoto et al., 1986) . Accordingly, results from standard likelihood ratio tests will also be reported for each concluding result, in order to illustrate the concordance regarding the acceptance/rejection criterion. Model fitting was conducted in Microsoft Excel Solver and Statistica 6.1 non-linear estimation module (user-specified regression). Models and loss functions were specified. This is a robust and flexible approach that allows the evaluation of several competing hypotheses about a data set at the same time. Although it has not been extensively used in experimental ecology (Burnham and Anderson, 2002; Umbanhowar et al., 2003) , it is used extensively in other ecological and evolutionary fields (Johnson and Omland, 2004) .
Developmental time and survival at different temperatures
The following experiment was conducted in order to evaluate whether temperatures in the range encountered by P. monodon larvae 368S could have a strong role as modulator of larval survival and development time, and whether survival improved at temperatures typical of the main hatching season. Freshly hatched larvae from two females were kept under three different temperatures: 11, 15 and 208C. For 15 and 208C, larval containers were placed in thermo-regulated baths in a controlled temperature room. Larvae from each brood were separated into 12 groups and 4 groups of them were followed under each experimental temperature, therefore, the experiment considered eight replicated groups of larvae per temperature (four from each brood). Since initial larval conditions might influence post-hatching performance (Giménez, 2002) , throughout this work we split groups of larvae from each female into the different treatments. Density was not biased to any treatment and the homogeneity of survivors per replicate (G test, Sokal and Rohlf, 1995) was checked in order to discard density-dependent effects on survival (Supplementary online material). Larvae were fed ad libitum with freshly hatched Artemia sp. nauplii. Water was changed every 2 days and the containers were inspected every day to check for dead larvae or molts.
To analyze temperature effects on developmental time, we considered that the proportion of individuals, "y" at age "d", stage "j" and temperature "i" followed a logistic model with binomial distribution. We found the age in which 50% of the individuals molted (d 50ij ), and its standard deviation, using the following re-parametrization of the logistic equation (R. Roa pers comm.):
In crustacean larvae, stage duration (D) relates to temperature as: D ¼ a . T b (Anger, 1983; Ismael et al., 1997; Anger et al., 2003) . We were interested on finding the slope "b" of this relationship and so published information (Fagetti and Campodonico, 1971) could be used to determine developmental times at 118C.
the values of D used in these models being the estimated d 50ij from the previous equation. We also compared whether it was more parsimonious (through AIC) to describe developmental time as a function of temperature with a unique b across stages against an individual slope per stage.
Developmental time and survival in different oxygen concentrations
Pleuroncodes monodon larvae hatch in waters with low DO concentrations ( Fig. 1 ) and afterwards, larvae can be found either above or below the oxycline. We evaluated the effect of DO concentration on development time and survival of zoea I in order to evaluate whether it could modulate larval success, and whether the natural reproductive cycle matched that of favorable environmental oxygen conditions for early larval success. Freshly hatched zoea I were placed under three different DO regimes: normoxia (.6 mL L
21
), 1 mL L 21 and 0.5 mL L 21 at 118C. We collected recently hatched zoea I from three females. Each brood was split into six groups of larvae, two to be kept in normoxia (control) and four to be kept in 1 mL L 21 (DO). Zoea I from four additional females were also used. In this case, each brood was split into 12 groups of larvae, four to be placed in normoxic waters, four in 1 mL L 21 oxygen water and four in 0.5 mL L 21 oxygen water. Initial larval conditions were not biased between treatments regarding the female length, brood size or timing within the reproductive period. In all cases, they were fed daily with freshly hatched Artemia sp. nauplii. Previous trials had shown that under normoxia, daily or feeding every 2 days did not affect experimental results. We changed water every 2 days under normoxia, and daily under hypoxia. To accomplish the low-oxygen condition, we bubbled N 2 into the sea water until the desired concentration was reached. We used an oxymeter (Schott Handylab OX1) to measure experimental oxygen concentrations. Larvae were reared in 125-mL Winkler bottles, which were carefully filled with lowoxygen water or normoxic water. For the low-oxygen conditions, pH was daily checked before and after water exchange in order to rule out any possible change in pH due to changes in CO 2 concentration: no differences were observed. Every day, we checked larvae to record the number of survivors and the number of larvae that molted to the next stage. Initial exposure to low oxygen
Because P. monodon larvae that hatch in subsurface waters with low-DO concentration might reach shallower and more oxygenated waters before molting into zoea II, we evaluated if low DO concentrations during the first days after hatching had any effect on larval survival to zoea II or development time. We conducted experiments to evaluate the effect of the initial exposure to low-oxygen concentration on developmental time and survival of zoea I to zoea II. Two different experimental settings were used. First, freshly hatched larvae were sorted in groups of 20 ind. in 10 containers (Winkler bottles) with sea water at 2 mL L 21 (DO) and in 10 other containers at 1 mL L 21 (DO). Daily, for up to 5 days, two groups were transferred and maintained thereafter in normoxic water. Under the second experimental approach freshly hatched larvae were initially kept in 1 L containers at 1 mL L 21 and 0.7 mL L
. Then groups of 10 organisms were transferred daily to normoxic conditions. As in the previous experimental setting, larvae were kept under hypoxic initial conditions for a maximum of 6 days. The frequency and day of molting was registered. Water and food were changed daily while low-oxygen conditions were maintained and every 2 days subsequently. We evaluated if results from the two experimental settings produced consistent results before comparing oxygen treatments. Considering that there were no good reasons to prefer one to the other a priori, after checking the consistency of results, we pooled data to compare responses to oxygen treatments.
The frequency of molting to the second stage was calculated for each replicate as a percentage of molters from the number of larvae alive at the sixth day of the experimental run, i.e. after the larvae from all treatments were in normoxic conditions for at least 1 day. We evaluated if survival to the second stage depended on the days of initial exposure and oxygen level. Additionally, for each treatment (oxygen level and number of days of initial exposure), the age at molting was compared. We first fitted a logistic model to the data of each treatment to estimate the d 50 and we analyzed the shape and magnitude of the dependence of age at molting on days of initial exposure and oxygen level.
Developmental time and survival under initial starvation
To evaluate the susceptibility of recently hatched P. monodon larvae to starvation, freshly hatched larvae were used in experiments of "point of no return"; they were incubated in groups of 10 individuals, in 20 containers without food. Each day, we added Artemia sp. to two containers with previously starved larvae; on the 10th day, larvae from all containers had been fed at least once. Water was changed every 2 days in all containers; in those with Artemia sp. it was exchanged daily. The procedure was followed with larvae from three females.
We calculated the PNR 50 by fitting a logistic function to the survival as a response to days of initial starvation. It corresponded to the initial starvation period when 50% of larvae died without molting to zoea II.
Initial starvation in low oxygen
Food items are scare in the subsurface low-oxygen concentration waters where P. monodon larvae hatch, therefore, we evaluated the effect of initial starvation under low DO conditions on larval survival and development time. Two experimental settings were used following the same criteria applied in experiments for initial exposure to low oxygen. First, freshly hatched larvae were collected and placed in groups of 10 larvae in 20 Winkler bottles without food. Winkler bottles were previously filled with 1.0 mL L 21 (treatment 1) and 0.7 mL L
21
(treatment 2) oxygen water. Each day we removed larvae from two containers with previously starved larvae, and placed them in normoxic water with Artemia sp nauplii. Water and food was changed daily in all containers and we recorded mortality and developmental time. The procedure was followed with larvae from two different females. Under the second approach, the initial exposure to low oxygen (0.7 and 1 mL L 21 ) and starvation conditions were conducted in a common incubation bottle (1 L) for each DO level. Groups of larvae were taken daily from these containers and incubated under normoxic conditions and ad libitum food conditions as explained for the first experimental setting.
We fitted a logistic model for survival data as a function of days of initial exposure to low oxygen and starvation and determined whether the PNR 50 was dependent on the oxygen level. The analysis of the effect of decreasing food and oxygen stress on the duration of development followed the procedure described in the Section "Initial exposure to low dissolved oxygen concentration".
Growth rate and temperature
Larvae from three different females were reared in 2-L containers, under three different temperatures: 11, 15 and 208C. Larvae from two broods were used, and two containers were set for each brood and temperature. Water was exchanged every 2 days, and freshly hatched Artemia nauplii were added after water change. Groups of 15 zoea I were removed at different time intervals; we also took samples of freshly molted zoea II. Larvae were rinsed in distilled water in a sieve, dried in drier paper and frozen in liquid nitrogen. Later, each sample was freeze dried, and weighed to the nearest 0.001 mg on a high precision balance (10 -6 g). Individual dry weight was used to construct power growth curves expressed in biomass: a . t b , where t is time (age in days) and a and b are parameters. We compared models with single a and b parameters for all temperatures, models with independent a and b parameters for each treatment. Models were compared with AIC; the likelihood, based on the normal distribution, was the loss function used to estimate the different combinations of parameters a and b.
Growth rate and dissolved oxygen concentration
We also analyzed the growth rate (as larval weight over time) for larvae maintained under different oxygen concentrations at 118C. Individuals in normoxia were reared as in "Growth rate: temperature". Those in hypoxic conditions were raised in 1-L Schott bottles. Water was bubbled with N 2 in large containers. When the desired oxygen concentration ( 1 or 0.7 mL L 21 ) was reached, the bottles were filled with a silicone hose without bubbling; oxygen concentration was then checked for each bottle, the larvae were introduced with a pipette under the water surface and the bottles were sealed with parafilm leaving no air bubbles. The oxygen concentration was also checked in each bottle daily at the time of water exchange, so we recorded daily, the initial and final DO concentrations. The fact that parafilm is not completely impermeable to gas exchange compensated for respiration inside the bottles. The mean, maximum and lowest oxygen levels reached in each of the containers are shown in the supplementary material online. Each bottle would have therefore a unique history of oxygen concentration, but since groups were similar over a reasonable range they were treated as a category for model construction.
To find the dependence of the growth rate on the oxygen level, we followed the same procedure as for weight data obtained at different temperatures (see Section "Growth rate and temperature").
R E S U LT S Developmental time and survival at different temperatures
Pleuroncodes monodon larval survival to the second stage increased with temperature (Fig. 2a) , with a survival of 56% at 118C (95% CI: 48-64); 86% at 158C (CI: 80-92%) and 98% at 208C (CI: 96.4 -99.6). The average molting age was negatively associated with temperature (Fig. 2b) . Intermolt interval differed between stages as shown by the different intercepts of development timetemperature relationship evaluated for each stage. The rate of change of developmental time with temperature was similar between the different stages (I through III) as shown by the adequacy of fitting a model with a single slope parameter for such a relationship considering all stages (b ¼ 21.53) rather than estimating an individual slope for each stage. The mean molting age (d 50ij ) and standard deviations are shown in Table I . (Table I ).
Molting to zoea II took between 7 days (208C) and 17 days (118C), and stage duration tended to decrease in successive stages from I to III. The age at molting from zoea I to III at 15 and 208C was similar to published results, so we used published data and b ¼ 21.53 to estimate later stage duration at 118C (Table II) . The average time to molt to the eighth instar was estimated in 97 days (+12). Stage VI has been shown to go through several instars (intermediate molts before becoming zoea V). In Fagetti and Campodónico (Fagetti and Campodónico, 1971) as well as in our case, four substages (a-d) were identified.
Developmental time and survival in different oxygen concentrations
Survival to the second stage decreased at lower oxygen concentrations ( Fig. 3a and b) . Over 40% of larvae survived to the second stage under normoxic conditions, 13% survived in 1 mL L 21 and ,1% in 0.5 mL L
21
(data pooled from setups one and two implemented under this section). In spite of the fact that under very low-oxygen conditions only a few zoea I molted to the second stage, 50% were capable of surviving at least half the stage duration (Fig. 3a) .
The duration of development increased under hypoxic conditions. The mean molting age was 17.6 and 21.3 days for larvae kept in normoxic and 1 mL L 21 oxygen conditions, respectively. The difference was statistically sound (AIC ¼ 47.2). The few larvae that survived to molt successfully at 0.5 mL L
, also molted after 20 days of life.
Initial exposure to low oxygen
Larval rearing in low-oxygen concentrations for a few days after hatching showed that survival to the second stage decreased with increasing days of initial exposure. The observation is supported by the "best model" selected according to AIC, which significantly differs from the null model (equal survival regardless of oxygen levels or days of exposure, Table III ) (p , 0.01) using the likelihood ratio test. Although the best model also suggests an effect of an initial oxygen level (in the experimental range 0.7-2 mL L
21
), support from data was only marginally significant for the oxygen level effect. Each day of exposure reduced survival by 3% (Fig. 4a) . The result was based on the analysis of pooled data from the two experimental settings, since their results were similar (AIC ¼ 88 supports between settings results similarity over difference).
The duration of development lengthened as the initial period of low oxygen increased. The age of 50% molting to the second stage depended linearly on the initial period of stress, and exponentially on oxygen concentration (Table IV and Fig. 5a ). The best model according to the AIC index differed significantly from the "no effect" model.
Developmental time and survival under initial starvation and initial starvation in low oxygen
Survival decreased with increasing initial starvation period. The estimated PNR 50 was 4.06 days in normoxia (Fig. 4b) . The duration of development lengthened with increasing initial starvation period (Fig. 5b) .
The effect of starvation under low DO concentration had a stronger detrimental effect on survival than initial starvation under normoxia (Fig. 4b) although PNR 50 did not decrease monotonically with decreasing oxygen: the PNR 50 for larvae maintained at 1 and 0.7 mL L 21 was 1.46 and 2.82 days, respectively. Survival response was significantly different between the experimental oxygen levels according to the likelihood ratio test, and it was also supported by AIC difference. After 6 days of starvation and exposure to low DO concentrations, only 10-15% of hypoxia reared larvae survived to zoea II (Fig. 4b) , while 40% of larvae exposed to low oxygen for up to 6 days but fed ad libitum ( previous experiment, Fig. 4a ), molted successfully to zoea II.
The mean age at molting to zoea II increased linearly with increasing initial starvation-hypoxic period (Fig. 5b) and the relationship depended on oxygen treatment (Table V) . Longer molting delay occurred in larvae initially kept under the lowest oxygen concentration. The model with individual parameters for each condition (three independent curves, Table V) showed the lowest AIC. The slope of the relationship development time and days of initial starvation in low DO concentration (0.75) was higher than that of development time dependence on days of initial low DO condition (0.25), although they were not statistically compared.
Growth rate and temperature
Body weight increase throughout zoea I development depended on temperature (Fig. 6 ). Our data did not support that growth rates differed significantly between Fig. 4 . Proportion or Pleuroncodes monodon larvae surviving to the second stage (zoea II) as a function of days of exposure to (a) three levels of hypoxia (2, 1, 0.7 mL L 21 of dissolved oxygen), (b) starvation in normoxia and hypoxia (1, 0.7 mL L 21 of dissolved oxygen). Larvae were split into the different treatments as soon as they were born, and days of exposure ranged from 1 to 6 (a) and 1 to 10 (b). larvae kept at 15 and 208C. Therefore, a single rate parameter was estimated to describe growth at 15 and 208C (b ¼ 1.19). At 118C though, the growth rate was significantly lower than at higher temperatures (b ¼ 0.85, Fig. 6 ). When only one set of parameters was estimated from pooled data, AIC largely exceeded that obtained by fitting a distinct set of parameters for 15-20 and 118C; the AIC difference was well above the value equivalent to statistically significant differences (at standard P ¼ 0.05).
The mean weight (and standard deviation) of recently molted zoea II was: 23.4 (5.1), 22.8 (1.7) and 22.9 (0.5) mg at 20, 15 and 118C respectively, and did not differ significantly (one-way ANOVA P , 0.05).
Growth as a function of dissolved oxygen concentration
Growth under the different DO rearing conditions was better described by fitting a different set of parameters for each level (Table VI) . Growth under hypoxia was lower than under normoxia (Fig. 7) . Growth rates were progressively lower at lower DO concentration. At 118C, the difference in the growth rates between larvae developing in 0.7 mL L 21 of oxygen and normoxic conditions was about the same as differences in growth rates between 11 and 208C ( 0.3). In addition, the mean dry weight of freshly molted zoeae II in normoxic water was 23 mg, whereas in 0.7 mL L 21 oxygen water it was 14 mg. By the end of the experiment, larvae under 0.7 mL L 21 showed a decline in the dry mass.
D I S C U S S I O N
We quantified the influence of DO concentration, temperature, and food availability on survival, developmental times and growth of P. monodon larvae in the laboratory. We showed that although tolerance to low DO in the range encountered by P. monodon larvae after hatching was higher than that of other crustacean larvae, the combined effect of the variables evaluated resulted in survival to zoea II being precluded or delayed at the low end of the oxygen and temperature ranges.
Effects of temperature, oxygen and food on survival, development time and growth rate
The lengthening of zoea I, II and III development time with decreasing temperatures (from 20 to 118C) agrees with the general relationship described for those variables across taxa (O'Connor et al., 2007) , within the non-lethal temperature range. Although the lower limit of this range for P. monodon has not been determined precisely, the decrease in larval survival from 96 to 56% observed after the first molting at 20 and 118C, respectively, it would not be expected to be ,98C. The increase in zoea I mortality with decreasing experimental temperatures contrasts with Boyd and Johnson (Boyd and Johnson, 1963) report of larger mortalities of P. planipes zoea at high temperatures than at low temperatures within a rage comparable with that of the present experiments. Nevertheless, because P. planipes rearing conditions differed markedly from those used for our P. monodon larval experiments (e.g. time between successive food addition events during P. planipes rearing doubled feeding intervals used during P. monodon experiments), results are no comparable. Steeper P. monodon larval survival and development time rate changes occurred in the 11 -158C temperature range that corresponds to the temperature range prevailing in their habitat in South Central Chile (Yannicelli, 2005) . Development times of P. monodon larvae had been previously inferred from field data ( 4 -5 months, Cañete, 1994) and were considerably longer than laboratory estimates available so far ( 57 days at 208C, Fagetti and Campodonico, 1971) in South-Central Chile. The present development time results allowed us to estimate a larval phase (from hatching time to post-larvae) at 118C of 3.5 month, an estimate that provides additional confirmation of previous observations when environmental conditions are taken into account, and suggests that temperature would be a relevant modulator of larval development at the latitudes studied. Bottom mean water temperatures over the South Central Chilean shelf where eggs develop and larvae hatch is 118C reaching even lower values occasionally during summer months (108C) (Sobrazo et al., 2007) . The highest vertical and horizontal temperature gradients typically occur during summer (Letelier et al., 2009 ) associated with the most intense upwelling events and surface heating. Sea surface temperatures on the continental shelf during the upwelling season when larvae are released and develop, are usually 12 -138C, occasionally 14-158C (Sobrazo et al., 2007) , increasing from the beginning (early spring) to the end (early summer) of the hatching season. Because of the 3.5-month duration of the larval phase, the wide depth range occupied throughout larval ontogeny (0 -100 m) and ample vertical migration of late zoea stages (Yannicelli et al., 2012) , P. monodon larvae are likely to face a wide range of conditions during individual development at 36-378S . The usual range of spatio-temporal temperature variability of the Humboldt coastal upwelling system, could strongly influence individual size, survival and age at molting to juveniles within an annual cohort. South of 378S, no conspicuous P. monodon population has been reported, so it corresponds to the southern limit of P. monodon distribution. Haye and Acuña (unpublished results) have recently confirmed after genetic analysis, that the species is not only present as far north as the gulf of Mexico, but that it originated at low latitudes from where it spread to the south. The observed response of P. monodon larvae to temperature is consistent with these novel finding and suggests larval tolerance may set the southern limit of the species' latitudinal distribution range.
In spite of the fact that molting to zoea II was almost completely impeded at oxygen concentrations of 0.5 mL L
21
, P. monodon zoea I tolerance to hypoxia is among the highest reported so far for larval decapod crustaceans. Miller et al. (Miller et al., 2002 ) estimated the oxygen concentration at which 90% of six species of crustacean larvae died (LC 90 ) during 4-day experiments. Only Palaemonetes pugio had an LC 90 ,1 mL L
, whereas it was .1.5 for other species. In our experiments, 13% of P. monodon zoea I raised throughout the instar duration at 1 mL L 21 survived to zoea II, 90% of larvae exposed to oxygen concentrations of 0.5 mL L 21 died only after 18 days and 30% of larvae exposed to 0.7 mL L 21 for up to 6 days were able to complete development when transferred to normoxic conditions. The ecophysiological response to oxygen concentration during the early planktotrophic ontogeny of other benthic species from OMZs is not known.
Our experiments were conducted at 118C which was a stressor in itself. The reason for conducting experiments at such temperature is that in latitudes between 30 and 378S, where large exploited benthic P. monodon populations distribute natural water masses with low DO concentrations are associated to that temperature (ESSW). 118C is closer to the lower limit of larval thermal tolerance than to its optimum. It has been proposed for other aerobic invertebrates that the decrease in metabolic performance at the extremes of the thermal tolerance window results from an organism's failure to keep oxygen provision at that rate of metabolic demand (Frederich and Pörtner, 2000; Pörtner, 2001) . Then, high mortality and/or delayed development in low DO concentration experiments at 118C could be the result of the combined effect of these two variables that are expected to decrease larval routine metabolism and aerobic scope. The decrease in routine and postprandial oxygen consumption has been reported for P. monodon larvae maintained in low DO concentrations (1 mL L 21 ) (Yannicelli, 2005) , but neither temperature nor temperature/oxygen factors have been evaluated.
Our results of initial exposure to low oxygen, starvation and starvation/low oxygen, together with growth observations, suggest that the effect of low ambient oxygen on P. monodon larval survival and development would rather result from an impairment of acquiring/ metabolizing external sources of energy rather than from direct cellular malfunction and disruption of integrity. This speculation is supported by the following observations: (i) longer initial periods of exposure to hypoxia lead to longer development from zoea I to zoea II and increased mortality, nevertheless over 30% of larvae exposed to low DO conditions for 6 days survived molting to zoea II; (ii) in normoxia the pointof-no-return was 4 days but starvation in low oxygen caused 50% death in less than half that time; (iii) weight increment was low in larvae that were maintained in hypoxia and survived throughout zoea I; (iv) 50% of larvae exposed to constant 1 mL L 21 and 0.5 mL L
were still alive after 15 and 7 days of experimental run, respectively, in spite of their later failure to molt to zoea II. Planktotrophic decapod larvae need to rapidly acquire external energy after hatching in order not to deprive their own energy reserves and build up additional ones to be able to molt successfully (Anger, 2001; Giménez, 2002; Paschke et al., 2004) . Early starvation in crustacean larvae leads to the consumption of lipids in the hepatopancreas and irreversible cytological damage that does not allow recuperation even in the later presence and ingestion of food (Anger, 2001) . The PNR occurs sooner at high temperatures (Bisbal and Bengstson, 1995) because energy reserves are used up faster at higher temperatures. In our experiments, larvae reached the PNR sooner under hypoxia than in normoxia, although metabolic rates under similar hypoxic levels have been shown to be lower (Yannicelli, 2005) . Therefore, if energetic demands are not involved, the low DO condition should mostly affect levels and pathways of internal energy provision. The difficulty in metabolizing lipid reserves under hypoxia (increasing larval dependency on external sources of energy) and/ or the removal of internal proteins to meet energy requirements leading to irreversible damages are likely mechanisms to explain our observations. The fact that the initial exposure to low DO conditions had a considerably lower impact on larval mortality and developmental time when food was provided ad libitum compared with the starving condition supports the previous explanation. If low oxygen were directly causing severe cytological disruption no difference between hypoxic fed/unfed treatments should had been found. Within the range studied, DO concentration could affect both postprandial scope and food acquisition rates by negatively affecting larval swimming performance (Breitburg et al., 1994) and capture ability. The shape of the dry mass/age curve for larvae raised at 118C was similar to that previously described for brachyuran crustaceans with a slight decrease in dry weight close to molting compared with that at intermolt (see Anger, 2001 for review). Freshly hatched zoea II raised under hypoxic conditions had a significantly lower dry mass than those raised in normoxia. Further survival or weight increment was not monitored in those larvae and their viability cannot be assessed from our results. However, even if they are able to develop further, they would be at a clear disadvantage compared with those raised in normoxia. Temperature had a significant effect on instantaneous growth rate, but the dry mass of freshly molted zoea II did not vary significantly among different temperature treatments. Thus, temperature-dependent growth and development rates up to zoea II affect size at age, but not biomass at stage.
Ecological implications
Pleuroncodes monodon is a bentho-pelagic organism that starts its life cycle with a larval planktonic phase that exposes them to different habitats during larval drift compared with the conditions experienced by adults. This strategy allows the species to colonize a benthic environment embedded in an OMZ where conditions are far from optimal for early offspring survival. Nevertheless, we demonstrated that larvae tolerate moderate periods of hypoxia and low temperature that allow adequate recruitment to adult populations in a hypoxic region that offers a high-organic matter content (Gutiérrez et al., 2000) and a predator refuge for adults, as well as a food-rich pelagic environment for larvae during the upwelling season.
Low temperature and low DO concentrations in subsurface waters over the continental shelf of South Central Chile could be a major hindrance for survival, growth and development of recently hatched larvae, so deep waters should be rapidly avoided. Low-oxygen levels, in particular, enhance the lethal effect of food deprivation during the first days after hatching, which is usually thought of as one of the main factors driving reproductive -environmental coupling. Therefore, the ( partial) overlap of the annual larval release/low-oxygen periods suggests that in P. monodon reproductive/environmental cycles coupling it is not necessarily related to the encounter of favorable conditions as offspring are just hatched. If reproductive timing were somehow tuned to propitiate larval survival, it would rather match an annual period of some favorable environmental condition for larvae a few days after hatching. For example, larval ascent to oxygenated and food rich waters could be favored by the prevailing upwelling conditions that coincide with their release period. If subsurface waters ascend roughly from 80 m to the surface in 4 days (calculated from vertical velocities taken from Sobarzo et al., 2001) , the combined effect of upwelling and larval swimming capacity may facilitate the avoidance of highly hypoxic, cold and food poor deep waters. Larval ascent in the water column is supported by field data. Zoea I abundance peaks in subsurface waters (,25/ 50 m) while later stages distribute shallower in the water column (Yannicelli et al., 2012) . Thus, upwelling prevalence during P. monodon larval hatching period may provide the means of reaching more coastal and surface waters during early development. Once larvae reach shallower layers they might experience more favorable conditions such as higher oxygen concentrations, higher temperatures and increased food availability. These environmental characteristics have already been proposed as advantageous for a number of slope and mid-water copepods and larval fish, as well as other crustacean larvae originated in subsurface hypoxic waters, all of which develop in coastal waters during the upwelling season (Castro et al., 1993; Landaeta and Castro, 2002; Yannicelli et al. 2006a, b) .
Even as the prevailing upwelling conditions during spring (main hatching period) may facilitate larval ascent to shallower layers, field and modeling evidence point to the fact that in order to avoid enhanced surface offshore advection and loss to the open ocean larvae should occupy/migrate through oxic/hypoxic waters. For P. mononodon larvae to be successful in this environment, tolerance to low oxygen concentrations is critical throughout the stage as well as behavioral aspects such as vertical migration. The life cycle of P. monodon at midlatitude in the Humboldt Current System can neither be compared with that of P. monodon distributed at lower latitudes nor with the life cycle of P. planipes from the California system (Gómez-Gutiérrez and Sánchez Ortiz, 1997), because it does not involve an adult pelagic phase and there is no evidence of offshoreonshore transport (Yannicelli et al., 2012) . The timing of the best temperature and food availability conditions do not match the hatching season. Temperatures that significantly shorten developmental time and improve survival and growth in the laboratory are found during summer. A modeling study that included temperature and advection as physical factors modulating larval success, indicated that larvae released by early summer would have significantly higher survival probability when compared with that of larvae released earlier (Yannicelli et al., 2012) . Productivity rises from winter to spring, but it is during summer that higher phytoplankton biomass is reached (due to water column stability and retention) with the consequent transfer to other trophic groups (zooplankton), and improved larval feeding conditions. Our ecophysiological results and the above discussion suggest that in the mid-latitude oceanic region inhabited by P. monodon, environmental variables affecting early larval stages are not in the larval optimum range neither at the same season nor in phase with larval hatching period. Whether hatching timing responds to a functional (larval survival/settlement hypothesis) or non-functional hypothesis (e.g. increased adult energy incorporation during late summer and autumn or physiological adult/egg mass oxygen limitation during spring) (Olive, 1995) remains an open question. Pleuroncodes monodon reproductive cycle is also characterized by (i) multiple annual broods (Thiel et al., 2012) and long-reproductive period; (ii) juvenile settlement late in summer-early fall (Gallardo et al., 1994; Roa et al., 1995) when organic matter in the bottom is maximum and low-oxygen waters are retreating (Gutiérrez et al., 2000) and (iii) egg development during winter when higher bottom oxygen concentrations occur off Central Chile. Therefore, it seems that these biological -physical characteristics are part of a larger reproductive strategy developed in these contrasting, yet coupled, types of environments. Pleuroncodes monodon dominates soft bottom macrobenthic communities in the low-oxygen continental shelf areas, but it relies on larval capacity to withstand short periods of hypoxia while dispersing away from the intolerable adult environment, until juveniles can return.
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